1. Introduction {#s0005}
===============

With global economic growth in the last few decades, the total energy consumption by all countries have increased by around half, from 6,268 Million tonnes of oil equivalent (Mtoe) in 1990 to 9,384 Mtoe in 2015 ([@bb0080]). Meanwhile, merchandise trade expanded by around four times, from USD 3,490 billion in 1990 to USD 16,537 billion in 2015 ([@bb0315]). In the last two decades, many studies have examined how international trade affects a country's energy consumption and related carbon emissions or "energy/emissions embodied in trade", and results in "energy/carbon leakage" between developed and developing countries. For example, embodied emissions in trade were found to increase from 4.3 Gt CO~2~ to 7.8 Gt CO~2~ over the period 1990-2008 ([@bb0185]). Some countries and international organizations, e.g. the United Kingdom ([@bb0290]) and the Organisation for Economic Co-operation and Development ([@bb0175]), have started monitoring these embodiment flows and resulting consumption-based accounting, and discussed their implications to future energy and climate policy designs.

As the largest energy consumer and carbon emitter in the world, China has put forward several significant efforts to reduce energy consumption and carbon emissions. See, for example, the energy and emission target settings and accomplishments during its 11^th^ Five Year Plan (2006--2010) and 12^th^ Five Year Plan (2011--2015) periods ([@bb0190]; [@bb0075]). In November 2014, "China's Energy Development Strategy Action Plan" was released by the Chinese government to provide guidelines for its energy developments during the 12^th^ (2011--2015) and 13^th^ (2016--2020) Five Year Plans ([@bb0065]). As the world's manufacturing factory, significant amounts of China's energy/emissions are embodied in its exports. Consequently, China's energy efficiency improvements over time, especially during the 11^th^ Five Year Plan (2006--2010) period, have greatly helped to reduce the embodied energy/emissions in its exports. It is important for China to monitor the changes of these embodiment flows and analyze the driving forces that brought about the changes.

In the literature, there are many studies on China's embodied emissions at country level using the environmental input-output (I-O) framework ([@bb0110]; [@bb0140]). Readers can refer to [@bb0220], [@bb0195], [@bb0070] and [@bb0380] for reviews of these studies and their findings for China. However, compared with embodied emissions, the number of studies on China's embodied energy are relatively few. Some studies have calculated China's energy embodied in exports using national I-O tables for selected years, such as [@bb0100] for years 1997, 2002 and 2004; [@bb0345] for year 2002 and 2007; [@bb0120] for years 1992, 1997, 2002 and 2005; [@bb0340] for year 1992, 1997, 2002, 2007 and 2010; [@bb0280] for year 1997, 2002 and 2007; [@bb0375] for year 2002 and 2007; [@bb0350] for year 2010, 2012 and 2015. Other studies use multi-region I-O tables in the calculation for selected years. For example, [@bb0040] use the GTAP database for year 2001, 2004 and 2007; [@bb0060], [@bb0285] and [@bb0385] use the WIOD database for year 2009; [@bb0325] and [@bb0330] use the Eora database for year 2012. Only very few studies give time-series estimates, including [@bb0115] on total embodiment for period 1996--2004, [@bb0035] on total embodiment for period 2001--2006, and [@bb0370] on embodiment in bilateral trade between China and US for period 1997--2011. In addition, there are also studies using the structural decomposition analysis (SDA)[1](#fn0005){ref-type="fn"} to investigate the driving forces behind the changes in embodied energy, such as [@bb0120], [@bb0340], [@bb0285], [@bb0045] and [@bb0350].

China's international exports have an interesting feature that half are processing exports (see [Fig. 1](#f0005){ref-type="fig"} ). In this study, processing exports are defined as the exports of the end products of assembling/processing imported intermediate inputs that are exempted from Chinese tariff and eventually sold overseas. On the other hand, normal exports are ordinary exports and are distinct from processing exports ([@bb0265]). The energy/emissions embodied in per unit of processing exports are found to be much lower than those embodied in per unit of normal exports ([@bb0265]; [@bb0085]). However, standard I-O tables do not differentiate processing exports from normal exports. Therefore, it is necessary to construct "new" extended I-O tables and models, which is far more complicated than carrying out national and multi-regional embodiment analysis. As revealed in the report by [@bb0320], some form of processing trade can be found in over 130 countries.Fig. 1China's normal and processing exports, 1981--2015.(Source: China Customs Statistical Yearbooks).Fig. 1

In the literature, there are a few studies using such extended I-O framework for China's embodied emission analysis, including [@bb0050] for year 2002, [@bb0265] for year 1997 and 2002, [@bb0335] for year 2002 and 2007, [@bb0255] for year 2006--2012, [@bb0310], [@bb0090], [@bb0130] and [@bb0135] for year 2007, [@bb0360] for year 2002--2012, [@bb0390] for year 2012. However, there are only two studies using the extended framework on China's embodied energy, i.e. [@bb0085] and [@bb0095] for year 2007. Among these studies, only three studies ([@bb0265]; [@bb0335]; [@bb0255]) further apply the SDA technique to investigate the driving forces behind the embodiment changes in normal and processing exports.

In embodiment analysis, both the total embodiments and the embodiment intensities are useful to support policy makings. Most of the previous embodiment studies focus on the total embodiment, such as total embodied energy or emissions. Recently, [@bb0245] propose the aggregate embodied intensity (AEI) concept by defining the AEI indicator as the ratio of embodied energy/emissions to embodied value added using the I-O framework. The AEI can be defined at the aggregate, final demand and sectoral levels ([@bb0245]) or by transmission layer ([@bb0275]) to analyze the relationship between energy/emissions and value added (or GDP) from the demand perspective. At the national level, the AEI in aggregate is equivalent to the aggregate intensity (AI) indicator. The AEI indicator at the higher level can be represented as a weighted sum of the AEI indicators at the lower level. It would be valuable to study the different AEI values of normal exports and processing exports in China using the extended I-O framework.[2](#fn0010){ref-type="fn"}

This paper is an attempt to analyze China's embodied energy and intensity in normal and processing exports using the time-series (2005--2015) of Chinese extended I-O tables, and further investigate the driving forces behind the embodied energy/intensity changes using the SDA frameworks. The contributions of this paper include: ([1](#fo0005){ref-type="disp-formula"}) the national AEI framework has been extended from traditional I-O model to extended I-O model with normal/processing exports; ([2](#fo0010){ref-type="disp-formula"}) it gives the time-series (2005--2015) estimates of China's embodied energy in normal and processing exports by sector and major trading partners; (3) it investigates the driving forces to the changes of embodied energy in normal and processing exports in China using the additive SDA framework; (4) it shows the times-series (2005--2015) estimates of China's AEI indicators for normal and processing exports by sector and major trading partners; and (5) it analyzes the driving forces to the changes of AEI values in normal and processing exports in China using the multiplicative SDA framework.

The remaining sections of the paper will be organized as follows. Section [2](#s0010){ref-type="sec"} demonstrates how to derive embodied energy and intensity under an extended I-O framework and obtain the driving forces using the additive/multiplicative SDA frameworks. Section [3](#s0035){ref-type="sec"} presents the empirical study on China's embodied energy from 2005 to 2015. The final section summarizes the main findings and draws some key conclusions of the study.

2. Extended I-O framework {#s0010}
=========================

2.1. Energy embodied in normal and processing exports {#s0015}
-----------------------------------------------------

Traditional I-O tables complied by the Chinese National Department of Statistics are based on the competitive imports assumption, and do not differentiate the normal exports and processing exports. The study by [@bb0220] firstly shows that the competitive imports assumption can in general overestimate a country's embodiment in trade and the non-competitive imports assumptions is advocated in embodiment studies. To support the analysis required in this paper, the extended I-O table with processing trade and non-competitive imports assumption is used as shown in [Table 1](#t0005){ref-type="table"} . The extended I-O structure was introduced by [@bb0030] when analyzing China's domestic employment and value added caused by the normal and processing exports. Recently, the extended I-O model has been applied to embodied energy/emission studies (e.g. [@bb0050]; [@bb0265]; [@bb0310]; [@bb0335]; [@bb0085], [@bb0090]; [@bb0130]; [@bb0255]; [@bb0095]; [@bb0135]).Table 1Structure of extended I-O table with processing trade and non-competitive imports.Table 1Intermediate transactionsFinal demandsTotal outputsDomestic use and normal exportsProcessing exportsDomesticExportsIntermediate InputsDomestic use and normal exports*Z*~*dd*~*Z*~*dp*~*y*~*d*~*y*~*ne*~ =  ∑ *y*~*ne*,*k*~*x* − *y*~*pe*~Processing exports000*y*~*pe*~ =  ∑ *y*~*pe*,*k*~*y*~*pe*~Imports*Z*~*id*~*Z*~*ip*~*y*~*i*~0*y*~*m*~Value added*v\'*~*d*~*v*\'~*p*~Total inputs*x*\'  − *y*\'~*pe*~*y*\'~*pe*~

The extended I-O model with processing trade and non-competitive imports assumption can be formulated as:$$\begin{pmatrix}
{x - y_{\mathit{pe}}} \\
y_{\mathit{pe}} \\
\end{pmatrix} = \begin{pmatrix}
Z_{\mathit{dd}} & Z_{\mathit{dp}} \\
0 & 0 \\
\end{pmatrix} \cdot 1 + \begin{pmatrix}
{y_{d} + y_{\mathit{ne}}} \\
y_{\mathit{pe}} \\
\end{pmatrix} = \begin{pmatrix}
A_{\mathit{dd}} & A_{\mathit{dp}} \\
0 & 0 \\
\end{pmatrix}\begin{pmatrix}
{x - y_{\mathit{pe}}} \\
y_{\mathit{pe}} \\
\end{pmatrix} + \begin{pmatrix}
{y_{d} + y_{\mathit{ne}}} \\
y_{\mathit{pe}} \\
\end{pmatrix}$$where *x* is the vector of total outputs, *Z* ~*dd*~ is the matrix of domestic intermediate demands for domestic use and normal exports, *Z* ~*dp*~is the matrix of domestic intermediate demands for processing exports, *y* ~*d*~ is the vector of domestic final demand, *y* ~*ne*~ is the vector of normal exports, *y* ~*pe*~ is the vector of processing exports, *A* ~*dd*~ = *Z* ~*dd*~ ⋅ (*diag*(*x* − *y* ~*pe*~))^−1^ is the matrix of domestic production coefficients for domestic use and normal exports, and *A* ~*dp*~ = *Z* ~*dp*~ ⋅ (*diag*(*y* ~*pe*~))^−1^is the matrix of domestic production coefficients for processing exports. Rearranging Eq. [(1)](#fo0005){ref-type="disp-formula"} leads to the following equation for I-O analysis with processing trade:$$\begin{array}{l}
{\begin{pmatrix}
{x - y_{\mathit{pe}}} \\
y_{\mathit{pe}} \\
\end{pmatrix} = \begin{pmatrix}
{I - A_{\mathit{dd}}} & {- A_{\mathit{dp}}} \\
0 & I \\
\end{pmatrix}^{- 1}\begin{pmatrix}
{y_{d} + y_{\mathit{ne}}} \\
y_{\mathit{pe}} \\
\end{pmatrix}} \\
{= \begin{pmatrix}
\left( {I - A_{\mathit{dd}}} \right)^{- 1} & {\left( {I - A_{\mathit{dd}}} \right)^{- 1}A_{\mathit{dp}}} \\
0 & I \\
\end{pmatrix}\begin{pmatrix}
{y_{d} + y_{\mathit{ne}}} \\
y_{\mathit{pe}} \\
\end{pmatrix}} \\
{= \begin{pmatrix}
L_{\mathit{dd}} & {L_{\mathit{dd}}A_{\mathit{dp}}} \\
0 & I \\
\end{pmatrix}\begin{pmatrix}
{y_{d} + y_{\mathit{ne}}} \\
y_{\mathit{pe}} \\
\end{pmatrix}} \\
\end{array}$$where *L* ~*dd*~ = (*I* − *A* ~*dd*~)^−1^ represents the domestic Leontief inverse matrix for domestic use and normal exports.

With the energy intensity vectors *f* ~*v*,*d*~ and *f* ~*v*,*p*~ representing the energy consumption per unit of industry value added for domestic use/normal exports and processing exports respectively, the total amount of energy use in production can be formulated as$$\begin{array}{l}
{E_{\mathit{tot}} = E_{\mathit{tot},d} + E_{\mathit{tot},p} = \left( {f_{v,d}'\mspace{9mu} f_{v,p}'} \right)\begin{pmatrix}
{v - v_{\mathit{pe}}} \\
v_{\mathit{pe}} \\
\end{pmatrix}} \\
{= \begin{pmatrix}
{f_{v,d}'} & {f_{v,p}'} \\
\end{pmatrix}\begin{pmatrix}
{\hat{k}}_{d} & 0 \\
0 & {\hat{k}}_{p} \\
\end{pmatrix}\begin{pmatrix}
{x - y_{\mathit{pe}}} \\
y_{\mathit{pe}} \\
\end{pmatrix}} \\
{= \begin{pmatrix}
{f_{v,d}'} & {f_{v,p}'} \\
\end{pmatrix}\begin{pmatrix}
{\hat{k}}_{d} & 0 \\
0 & {\hat{k}}_{p} \\
\end{pmatrix}\begin{pmatrix}
L_{\mathit{dd}} & {L_{\mathit{dd}}A_{\mathit{dp}}} \\
0 & I \\
\end{pmatrix}\begin{pmatrix}
{y_{d} + y_{\mathit{ne}}} \\
y_{\mathit{pe}} \\
\end{pmatrix}} \\
{= \begin{pmatrix}
{f_{v,d}'} & {f_{v,p}'} \\
\end{pmatrix}\begin{pmatrix}
{{\hat{k}}_{d}L_{\mathit{dd}}} & {{\hat{k}}_{d}L_{\mathit{dd}}A_{\mathit{dp}}} \\
0 & {\hat{k}}_{p} \\
\end{pmatrix}\left\lbrack {\begin{pmatrix}
y_{d} \\
0 \\
\end{pmatrix} + \begin{pmatrix}
y_{\mathit{ne}} \\
0 \\
\end{pmatrix} + \begin{pmatrix}
0 \\
y_{\mathit{pe}} \\
\end{pmatrix}} \right\rbrack} \\
{= f_{v,d}'{\hat{k}}_{d}L_{\mathit{dd}}y_{d} + f_{v,d}'{\hat{k}}_{d}L_{\mathit{dd}}y_{\mathit{ne}} + \left( {f_{v,d}'{\hat{k}}_{d}L_{\mathit{dd}}A_{\mathit{dp}} + f_{v,p}'} \right)y_{\mathit{pe}}} \\
{= E_{d} + E_{\mathit{ne}} + E_{\mathit{pe}}} \\
\end{array}$$

where *v* and *v* ~*pe*~ are the vectors of value added for total production and processing exports, $k_{d} = \left( {\hat{x} - {\hat{y}}_{\mathit{pe}}} \right)^{- 1}\left( {v - v_{\mathit{pe}}} \right)$ and $k_{p} = \left( {\hat{y}}_{\mathit{pe}} \right)^{- 1}v_{\mathit{pe}}$ are the vectors of primary input coefficient for domestic use/normal exports and processing exports, *E* ~*tot*,\ *d*~ = $f_{v,d}^{'}$ (*v* − *v* ~*pe*~) is the total energy use for domestic use and normal exports, *E* ~*tot*,\ *p*~ = $f_{v,p}^{'}$ *v* ~*pe*~ is the total energy use for processing exports, $E_{d} = f_{v,d}^{'}{\hat{k}}_{d}L_{\mathit{dd}}y_{d}$ is the energy embodied in domestic final demand, $E_{\mathit{ne}} = f_{v,d}^{'}{\hat{k}}_{d}L_{\mathit{dd}}y_{\mathit{ne}}$ is the energy embodied in normal exports, and $E_{\mathit{pe}} = \left( {f_{v,d}^{'}{\hat{k}}_{d}L_{\mathit{dd}}A_{\mathit{dp}} + f_{v,p}^{'}{\hat{k}}_{p}} \right)y_{\mathit{pe}}$ is the energy embodied in processing exports.

2.2. Additive SDA of embodied energy changes {#s0020}
--------------------------------------------

To analyze the absolute changes of embodied energy, additive SDA is more suitable than the multiplicative form. With the extended I-O model in [Table 1](#t0005){ref-type="table"} and embodied energy defined in Eq. [(3)](#fo0015){ref-type="disp-formula"}, the changes of embodied energy in normal exports and processing exports between *t* ~1~ and *t* ~2~ (*t* ~1~ \< *t* ~2~) can be formulated as Δ*E* ~*ne*~ = *E* ~*ne*~ ^*t*~2~^ − *E* ~*ne*~ ^*t*~1~^ and Δ*E* ~*pe*~ = *E* ~*pe*~ ^*t*~2~^ − *E* ~*pe*~ ^*t*~1~^. Assuming *n* sectors in the traditional I-O table and *m* exporting countries/regions, the changes of embodied energy can be decomposed using the additive decomposition identity into five sub-effects as follows:$$\begin{array}{l}
{\Delta E_{\mathit{ne}}\left( {t_{1},t_{2}} \right) = E_{\mathit{ne}}^{t_{2}} - E_{\mathit{ne}}^{t_{1}}} \\
{= \begin{pmatrix}
{f_{v,d}^{t_{2}}'} & {f_{v,p}^{t_{2}}'} \\
\end{pmatrix}\begin{pmatrix}
{{\hat{k}}_{d}^{t_{2}}L_{\mathit{dd}}^{t_{2}}} & {{\hat{k}}_{d}^{t_{2}}L_{\mathit{dd}}^{t_{2}}A_{\mathit{dp}}^{t_{2}}} \\
0 & {\hat{k}}_{p}^{t_{2}} \\
\end{pmatrix}\begin{pmatrix}
y_{\mathit{ne}}^{t_{2}} \\
0 \\
\end{pmatrix}} \\
{\mspace{117mu} - \begin{pmatrix}
{f_{v,d}^{t_{1}}'} & {f_{v,p}^{t_{1}}'} \\
\end{pmatrix}\begin{pmatrix}
{{\hat{k}}_{d}^{t_{1}}L_{\mathit{dd}}^{t_{1}}} & {{\hat{k}}_{d}^{t_{1}}L_{\mathit{dd}}^{t_{1}}A_{\mathit{dp}}^{t_{1}}} \\
0 & {\hat{k}}_{d}^{t_{1}} \\
\end{pmatrix}\begin{pmatrix}
y_{\mathit{ne}}^{t_{1}} \\
0 \\
\end{pmatrix}} \\
{= {\overline{f}}_{v}^{t_{2}}' \cdot {\overline{H}}_{d}^{t_{2}} \cdot {\overline{y}}_{\mathit{ne}}^{t_{2}} - {\overline{f}}_{v}^{t_{1}}' \cdot {\overline{H}}_{d}^{t_{1}} \cdot {\overline{y}}_{\mathit{ne}}^{t_{1}}} \\
{= {\overline{f}}_{v}^{t_{2}}' \cdot {\overline{H}}_{d}^{t_{2}} \cdot {\overline{S}}_{\mathit{ne}}^{t_{2}} \cdot {\overline{r}}_{\mathit{ne}}^{t_{2}} \cdot y_{\mathit{tot},\mathit{ne}}^{t_{2}} - {\overline{f}}_{v}^{t_{1}}' \cdot {\overline{H}}_{d}^{t_{1}} \cdot {\overline{S}}_{\mathit{ne}}^{t_{1}} \cdot {\overline{r}}_{\mathit{ne}}^{t_{1}} \cdot y_{\mathit{tot},\mathit{ne}}^{t_{1}}} \\
{= \Delta E_{\mathit{eint},\mathit{ne}}\left( {t_{1},t_{2}} \right) + \Delta E_{\mathit{pstr},\mathit{ne}}\left( {t_{1},t_{2}} \right) + \Delta E_{\mathit{ysec},\mathit{ne}}\left( {t_{1},t_{2}} \right)} \\
{\mspace{126mu} + \Delta E_{\mathit{yreg},\mathit{ne}}\left( {t_{1},t_{2}} \right) + \Delta E_{\mathit{ytot},\mathit{ne}}\left( {t_{1},t_{2}} \right)} \\
\end{array}$$ $$\begin{array}{l}
{\Delta E_{\mathit{pe}}\left( {t_{1},t_{2}} \right) = E_{\mathit{pe}}^{t_{2}} - E_{\mathit{pe}}^{t_{1}}} \\
{= \begin{pmatrix}
{f_{v,d}^{t_{2}}'} & {f_{v,p}^{t_{2}}'} \\
\end{pmatrix}\begin{pmatrix}
{{\hat{k}}_{d}^{t_{2}}L_{\mathit{dd}}^{t_{2}}} & {{\hat{k}}_{d}^{t_{2}}L_{\mathit{dd}}^{t_{2}}A_{\mathit{dp}}^{t_{2}}} \\
0 & {\hat{k}}_{p}^{t_{2}} \\
\end{pmatrix}\begin{pmatrix}
0 \\
y_{\mathit{pe}}^{t_{2}} \\
\end{pmatrix}} \\
{\mspace{126mu} - \begin{pmatrix}
{f_{v,d}^{t_{1}}'} & {f_{v,p}^{t_{1}}'} \\
\end{pmatrix}\begin{pmatrix}
{{\hat{k}}_{d}^{t_{1}}L_{\mathit{dd}}^{t_{1}}} & {{\hat{k}}_{d}^{t_{1}}L_{\mathit{dd}}^{t_{1}}A_{\mathit{dp}}^{t_{1}}} \\
0 & {\hat{k}}_{d}^{t_{1}} \\
\end{pmatrix}\begin{pmatrix}
0 \\
y_{\mathit{pe}}^{t_{1}} \\
\end{pmatrix}} \\
{= {\overline{f}}_{v}^{t_{2}}' \cdot {\overline{H}}_{d}^{t_{2}} \cdot {\overline{y}}_{\mathit{pe}}^{t_{2}} - {\overline{f}}_{v}^{t_{1}}' \cdot {\overline{H}}_{d}^{t_{1}} \cdot {\overline{y}}_{\mathit{pe}}^{t_{1}}} \\
{= {\overline{f}}_{v}^{t_{2}}' \cdot {\overline{H}}_{d}^{t_{2}} \cdot {\overline{S}}_{\mathit{pe}}^{t_{2}} \cdot {\overline{r}}_{\mathit{pe}}^{t_{2}} \cdot y_{\mathit{tot},\mathit{pe}}^{t_{2}} - {\overline{f}}_{v}^{t_{1}}' \cdot {\overline{H}}_{d}^{t_{1}} \cdot {\overline{S}}_{\mathit{pe}}^{t_{1}} \cdot {\overline{r}}_{\mathit{pe}}^{t_{1}} \cdot y_{\mathit{tot},\mathit{pe}}^{t_{1}}} \\
{= \Delta E_{\mathit{eint},\mathit{pe}}\left( {t_{1},t_{2}} \right) + \Delta E_{\mathit{pstr},\mathit{pe}}\left( {t_{1},t_{2}} \right) + \Delta E_{\mathit{ysec},\mathit{pe}}\left( {t_{1},t_{2}} \right)} \\
{\mspace{126mu} + \Delta E_{\mathit{yreg},\mathit{pe}}\left( {t_{1},t_{2}} \right) + \Delta E_{\mathit{ytot},\mathit{pe}}\left( {t_{1},t_{2}} \right)} \\
\end{array}$$

where ${\overline{f}}_{v}^{t} = \left( {\overline{f}}_{v,i}^{t} \right)_{2n \times 1}$ is the extended vector of energy intensity at time *t*, ${\overline{H}}_{d}^{t} = \left( {\overline{H}}_{d,\mathit{ij}}^{t} \right)_{2n \times 2n}$ is the extended matrix of domestic value added requirement at time *t*, ${\overline{S}}_{\mathit{ne}}^{t} = \left( {\overline{S}}_{\mathit{ne},\mathit{jk}}^{t} \right)_{2n \times m}$ and ${\overline{S}}_{\mathit{pe}}^{t} = \left( {\overline{S}}_{\mathit{pe},\mathit{jk}}^{t} \right)_{2n \times m}$ are the extended matrixes of normal and processing export's sectoral structures at time *t*, ${\overline{r}}_{\mathit{ne}}^{t} = \left( {\overline{r}}_{\mathit{ne},k}^{t} \right)_{m \times 1}$ and ${\overline{r}}_{\mathit{pe}}^{t} = \left( {\overline{r}}_{\mathit{pe},k}^{t} \right)_{m \times 1}$ are the extended vectors of normal and processing export's regional shares at time *t*, *y* ~*tot*,*ne*~ ^*t*^ and *y* ~*tot*,*pe*~ ^*t*^ are the total amounts of normal exports and processing exports at time *t*; Δ*E* ~*eint*,\ ·~(*t* ~1~,  *t* ~2~) is the additive energy intensity effect, Δ*E* ~*pstr*,\ ·~(*t* ~1~,  *t* ~2~) is the additive production structure effect, Δ*E* ~*ysec*,·~(*t* ~1~,  *t* ~2~) is the additive final demand (export) sectoral structure effect, Δ*E* ~*yreg*,·~(*t* ~1~,  *t* ~2~) is the additive final demand (export) regional share effect, and Δ*E* ~*ytot*,·~(*t* ~1~,  *t* ~2~) is the additive total final demand (export) effect in the period between *t* ~1~ and *t* ~2~ (*t* ~1~ \< *t* ~2~).

Using the LMDI-I approach ([@bb0015]; [@bb0005]; [@bb0210]), the effects in Eqs. (4-5) can be calculated as following$$\Delta E_{\mathit{eint}, \cdot}\left( {t_{1},t_{2}} \right) = \sum\limits_{i,j,k}L\left( {E_{\cdot ,\mathit{ijk}}^{t_{2}},E_{\cdot ,\mathit{ijk}}^{t_{1}}} \right)\ln\left( \frac{{\overline{f}}_{v,i}^{t_{2}}}{{\overline{f}}_{v,i}^{t_{1}}} \right) = \sum\limits_{i}\Delta E_{\mathit{eint}, \cdot ,i}\left( {t_{1},t_{2}} \right)$$ $$\Delta E_{\mathit{pstr}, \cdot}\left( {t_{1},t_{2}} \right) = \sum\limits_{i,j,k}L\left( {E_{\cdot ,\mathit{ijk}}^{t_{2}},E_{\cdot ,\mathit{ijk}}^{t_{1}}} \right)\ln\left( \frac{{\overline{H}}_{d,\mathit{ij}}^{t_{2}}}{{\overline{H}}_{d,\mathit{ij}}^{t_{1}}} \right) = \sum\limits_{i,j}\Delta E_{\mathit{pstr}, \cdot ,\mathit{ij}}\left( {t_{1},t_{2}} \right)$$ $$\Delta E_{\mathit{ysec}, \cdot}\left( {t_{1},t_{2}} \right) = \sum\limits_{i,j,k}L\left( {E_{\cdot ,\mathit{ijk}}^{t_{2}},E_{\cdot ,\mathit{ijk}}^{t_{1}}} \right)\ln\left( \frac{{\overline{S}}_{\cdot ,\mathit{jk}}^{t_{2}}}{{\overline{S}}_{\cdot ,\mathit{jk}}^{t_{1}}} \right) = \sum\limits_{j,k}\Delta E_{\mathit{ysec}, \cdot ,\mathit{jk}}\left( {t_{1},t_{2}} \right)$$ $$\Delta E_{\mathit{yreg}, \cdot}\left( {t_{1},t_{2}} \right) = \sum\limits_{i,j,k}L\left( {E_{\cdot ,\mathit{ijk}}^{t_{2}},E_{\cdot ,\mathit{ijk}}^{t_{1}}} \right)\ln\left( \frac{{\overline{r}}_{\cdot ,k}^{t_{2}}}{{\overline{r}}_{\cdot ,k}^{t_{1}}} \right) = \sum\limits_{k}\Delta E_{\mathit{yreg}, \cdot ,k}\left( {t_{1},t_{2}} \right)$$ $$\Delta E_{\mathit{ytot}, \cdot}\left( {t_{1},t_{2}} \right) = \sum\limits_{i,j,k}L\left( {E_{\cdot ,\mathit{ijk}}^{t_{2}},E_{\cdot ,\mathit{ijk}}^{t_{1}}} \right)\ln\left( \frac{y_{\mathit{tot}, \cdot}^{t_{2}}}{y_{\mathit{tot}, \cdot}^{t_{1}}} \right)$$where $E_{\cdot ,\mathit{ijk}}^{t} = {\overline{f}}_{v,i}^{t}{\overline{H}}_{d,\mathit{ij}}^{t}{\overline{S}}_{\cdot ,\mathit{jk}}^{t}{\overline{r}}_{\cdot ,k}^{t}y_{\mathit{tot}, \cdot}^{t}$ is the embodied energy from sub-category (*i*,  *j*,  *k*), *L*(*a*,  *b*) = (*a* − *b*)/(ln*a* −  ln *b*) is the logarithmic mean function, Δ*E* ~*eint*,\ ·,\ *i*~(*t* ~1~,  *t* ~2~) is sector *i*'s additive energy intensity effect, Δ*E* ~*pstr*,\ ·,\ *ij*~(*t* ~1~,  *t* ~2~) is the additive production structure effect by sub-element ${\overline{H}}_{d,\mathit{ij}}$, Δ*E* ~*ysec*,\ ·,\ *jk*~(*t* ~1~,  *t* ~2~) is sector *j* and exporting country/region *k*'s additive final demand (exports) sectoral structure effect, Δ*E* ~*yreg*,\ ·,*j*~(*t* ~1~,  *t* ~2~) is country/region *k*'s additive final demand (exports) regional share effect. Detailed comparisons of different decomposition techniques in the context of additive SDA can be found in [@bb0210].

2.3. Aggregate embodied intensity in normal and processing exports {#s0025}
------------------------------------------------------------------

The AEI indicators proposed in [@bb0245] can help the researchers and policy makers to better understand the relative energy/emission performance at different levels from the demand perspective. Similar as Eq. [(3)](#fo0015){ref-type="disp-formula"}, for the I-O table with processing trade and non-competitive imports assumption, the total GDP value can be calculated using the production approach as[3](#fn0015){ref-type="fn"} $$\begin{array}{l}
{\mathit{GDP}_{\mathit{tot}} = \mathit{GDP}_{\mathit{tot},d} + \mathit{GDP}_{\mathit{tot},p} = \begin{pmatrix}
{k_{d}'} & {k_{p}'} \\
\end{pmatrix}\begin{pmatrix}
{x - y_{\mathit{pe}}} \\
y_{\mathit{pe}} \\
\end{pmatrix}} \\
{= \begin{pmatrix}
{k_{d}'} & {k_{p}'} \\
\end{pmatrix}\begin{pmatrix}
L_{\mathit{dd}} & {L_{\mathit{dd}}A_{\mathit{dp}}} \\
0 & I \\
\end{pmatrix}\begin{pmatrix}
{y_{d} + y_{\mathit{ne}}} \\
y_{\mathit{pe}} \\
\end{pmatrix}} \\
{= \begin{pmatrix}
{k_{d}'} & {k_{p}'} \\
\end{pmatrix}\begin{pmatrix}
L_{\mathit{dd}} & {L_{\mathit{dd}}A_{\mathit{dp}}} \\
0 & I \\
\end{pmatrix}\left\lbrack {\begin{pmatrix}
y_{d} \\
0 \\
\end{pmatrix} + \begin{pmatrix}
y_{\mathit{ne}} \\
0 \\
\end{pmatrix} + \begin{pmatrix}
0 \\
y_{\mathit{pe}} \\
\end{pmatrix}} \right\rbrack} \\
{= k_{d}'L_{\mathit{dd}}y_{d} + k_{d}'L_{\mathit{dd}}y_{\mathit{ne}} + \left( {k_{d}'L_{\mathit{dd}}A_{\mathit{dp}} + k_{p}'} \right)y_{\mathit{pe}}} \\
{= \mathit{GDP}_{d} + \mathit{GDP}_{\mathit{ne}} + \mathit{GDP}_{\mathit{pe}}} \\
\end{array}$$where *GDP* ~*tot*,*d*~ = *k* ~*d*~\' (*x* − *y* ~*pe*~) is the total value added from domestic use and normal exports, *GDP* ~*tot*,*p*~ = *k* ~*p*~\' *y* ~*pe*~ is the total value added from processing exports, *GDP* ~*d*~ = *k* ~*d*~\' *L* ~*dd*~ *y* ~*d*~ is the value added embodied in domestic final demand, *GDP* ~*ne*~ = *k* ~*d*~\' *L* ~*dd*~ *y* ~*ne*~ is the value added embodied in normal exports, and *GDP* ~*pe*~ = (*k* ~*d*~\' *L* ~*dd*~ *A* ~*dp*~ + *k* ~*p*~\')*y* ~*pe*~ is the value added embodied in processing exports.

With the AEI definition given in [@bb0245], the AEI in normal exports (*AEI* ~*ne*~) and processing exports (*AEI* ~*pe*~) can be formulated as following$$\begin{array}{l}
{\mathit{AEI}_{\mathit{ne}} = \frac{E_{\mathit{ne}}}{\mathit{GDP}_{\mathit{ne}}} = \frac{f_{v,d}'{\hat{k}}_{d}L_{\mathit{dd}}y_{\mathit{ne}}}{k_{d}'L_{\mathit{dd}}y_{\mathit{ne}}} = \frac{f_{v,d}'{\hat{k}}_{d}L_{\mathit{dd}}\sum\limits_{k}y_{\mathit{ne},k}}{k_{d}'L_{\mathit{dd}}\sum\limits_{k}y_{\mathit{ne},k}}} \\
{= \sum\limits_{k}\frac{k_{d}'L_{\mathit{dd}}y_{\mathit{ne},k}}{k_{d}'L_{\mathit{dd}}\sum\limits_{l}y_{\mathit{ne},l}} \cdot \frac{f_{v,d}'{\hat{k}}_{d}L_{\mathit{dd}}y_{\mathit{ne},k}}{k_{d}'L_{\mathit{dd}}y_{\mathit{ne},k}}} \\
{= \sum\limits_{k}w_{\mathit{ne},k}\frac{E_{\mathit{ne},k}}{\mathit{GDP}_{\mathit{ne},k}} = \sum\limits_{k}w_{\mathit{ne},k}\mathit{AEI}_{\mathit{ne},k}} \\
\end{array}$$ $$\begin{array}{l}
{\mathit{AEI}_{\mathit{pe}} = \frac{E_{\mathit{pe}}}{\mathit{GDP}_{\mathit{pe}}} = \frac{\left( {f_{v,d}'{\hat{k}}_{d}L_{\mathit{dd}}A_{\mathit{dp}} + f_{v,p}'} \right)y_{\mathit{pe}}}{\left( {k_{d}'L_{\mathit{dd}}A_{\mathit{dp}} + k_{p}'} \right)y_{\mathit{pe}}} = \frac{\left( {f_{v,d}'{\hat{k}}_{d}L_{\mathit{dd}}A_{\mathit{dp}} + f_{v,p}'} \right)\sum\limits_{k}y_{\mathit{pe},k}}{\left( {k_{d}'L_{\mathit{dd}}A_{\mathit{dp}} + k_{p}'} \right)\sum\limits_{k}y_{\mathit{pe},k}}} \\
{= \sum\limits_{k}\frac{\left( {k_{d}'L_{\mathit{dd}}A_{\mathit{dp}} + k_{p}'} \right)y_{\mathit{pe},k}}{\left( {k_{d}'L_{\mathit{dd}}A_{\mathit{dp}} + k_{p}'} \right)\sum\limits_{l}y_{\mathit{pe},l}} \cdot \frac{\left( {f_{v,d}'{\hat{k}}_{d}L_{\mathit{dd}}A_{\mathit{dp}} + f_{v,p}'} \right)y_{\mathit{pe},k}}{\left( {k_{d}'L_{\mathit{dd}}A_{\mathit{dp}} + k_{p}'} \right)y_{\mathit{pe},k}}} \\
{= \sum\limits_{k}w_{\mathit{pe},k}\frac{E_{\mathit{pe},k}}{\mathit{GDP}_{\mathit{pe},k}} = \sum\limits_{k}w_{\mathit{pe},k}\mathit{AEI}_{\mathit{pe},k}} \\
\end{array}$$where *y* ~*ne*,*k*~ is the normal export to country/region *k*, *y* ~*pe*,*k*~ is the processing export to country/region *k*, *AEI* ~•,*k*~ is the AEI in bilateral export with country/region *k*, *w* ~*ne*,*k*~ is the share of value added embodied in normal export to country/region *k*, *w* ~*pe*,*k*~ is the share of value added embodied in processing export to country/region *k*. The contribution of bilateral trade with country/region *k* to *AEI* ~•~ can be calculated as (*w* ~•,*k*~ *AEI* ~•,*k*~)/*AEI* ~•~, which is the same as the their share of embodied energy in export.

According to [@bb0245], the AEI in aggregate is the same as the total aggregate intensity (or *AI* = *E* ~*tot*~/*GDP* ~*tot*~ = *AEI*). With Eqs. [(3)](#fo0015){ref-type="disp-formula"}, [(11)](#fo0055){ref-type="disp-formula"}, the AEI in aggregate can be formulated as the weighted sum of the AEI at final demand category as$$\begin{array}{l}
{\mathit{AEI} = \frac{E_{\mathit{tot}}}{\mathit{GDP}_{\mathit{tot}}} = \frac{E_{d} + E_{\mathit{ne}} + E_{\mathit{pe}}}{\mathit{GDP}_{d} + \mathit{GDP}_{\mathit{ne}} + \mathit{GDP}_{\mathit{pe}}}} \\
{= \frac{\mathit{GDP}_{d}}{\mathit{GDP}_{\mathit{tot}}} \cdot \frac{E_{d}}{\mathit{GDP}_{d}} + \frac{\mathit{GDP}_{\mathit{ne}}}{\mathit{GDP}_{\mathit{tot}}} \cdot \frac{E_{\mathit{ne}}}{\mathit{GDP}_{\mathit{ne}}} + \frac{\mathit{GDP}_{\mathit{pe}}}{\mathit{GDP}_{\mathit{tot}}} \cdot \frac{E_{\mathit{pe}}}{\mathit{GDP}_{\mathit{pe}}}} \\
{= w_{d}\mathit{AEI}_{d} + w_{\mathit{ne}}\mathit{AEI}_{\mathit{ne}} + w_{\mathit{pe}}\mathit{AEI}_{\mathit{pe}}} \\
\end{array}$$where *w* ~•~ is the share of valued added embodied in special final demand, and *AEI* ~*d*~ is the AEI in domestic final demand. The contribution of specific final demand to the AEI in aggregate can be calculated as (*w* ~•~ *AEI* ~•~)/*AEI*, which is the same as their share of embodied energy in special final demand.

2.4. Multiplicative SDA of AEI changes {#s0030}
--------------------------------------

Multiplicative SDA is more suitable to analyze the relative changes in energy intensity. Using the general formula of multiplicative SDA in [@bb0235], the changes of AEI in normal and processing exports from *AEI* ~•~ ^*t*~1~^ to *AEI* ~•~ ^*t*~2~^ (*t* ~1~ \< *t* ~2~) can be calculated as$$\begin{array}{l}
{D_{\mathit{tot}, \bullet}\left( {t_{1},t_{2}} \right) = \frac{\mathit{AEI}_{\bullet}^{t_{2}}}{\mathit{AEI}_{\bullet}^{t_{1}}} = \frac{E_{\bullet}^{t_{2}}/\mathit{GDP}_{\bullet}^{t_{2}}}{E_{\bullet}^{t_{1}}/\mathit{GDP}_{\bullet}^{t_{1}}} = \left( \frac{E_{\bullet}^{t_{2}}}{E_{\bullet}^{t_{1}}} \right)/\left( \frac{\mathit{GDP}_{\bullet}^{t_{2}}}{\mathit{GDP}_{\bullet}^{t_{1}}} \right) = \frac{D_{\bullet ,E}}{D_{\bullet ,\mathit{GDP}}}} \\
{= \left( \frac{{\overline{f}}_{v}^{t_{2}}' \cdot {\overline{H}}_{d}^{t_{2}} \cdot {\overline{S}}_{\bullet}^{t_{2}} \cdot {\overline{r}}_{\bullet}^{t_{2}} \cdot y_{\mathit{tot}, \bullet}^{t_{2}}}{{\overline{f}}_{v}^{t_{1}}' \cdot {\overline{H}}_{d}^{t_{1}} \cdot {\overline{S}}_{\bullet}^{t_{1}} \cdot {\overline{r}}_{\bullet}^{t_{1}} \cdot y_{\mathit{tot}, \bullet}^{t_{1}}} \right)/\left( \frac{\overline{1}' \cdot {\overline{H}}_{d}^{t_{2}} \cdot {\overline{S}}_{\bullet}^{t_{2}} \cdot {\overline{r}}_{\bullet}^{t_{2}} \cdot y_{\mathit{tot}, \bullet}^{t_{2}}}{\overline{1}' \cdot {\overline{H}}_{d}^{t_{1}} \cdot {\overline{S}}_{\bullet}^{t_{1}} \cdot {\overline{r}}_{\bullet}^{t_{1}} \cdot y_{\mathit{tot}, \bullet}^{t_{1}}} \right)} \\
{= \left( \frac{{\overline{f}}_{v}^{t_{2}}' \cdot {\overline{H}}_{d}^{t_{2}} \cdot {\overline{S}}_{\bullet}^{t_{2}} \cdot {\overline{r}}_{\bullet}^{t_{2}}}{{\overline{f}}_{v}^{t_{1}}' \cdot {\overline{H}}_{d}^{t_{1}} \cdot {\overline{S}}_{\bullet}^{t_{1}} \cdot {\overline{r}}_{\bullet}^{t_{1}}} \right)/\left( \frac{\overline{1}' \cdot {\overline{H}}_{d}^{t_{2}} \cdot {\overline{S}}_{\bullet}^{t_{2}} \cdot {\overline{r}}_{\bullet}^{t_{2}}}{\overline{1}' \cdot {\overline{H}}_{d}^{t_{1}} \cdot {\overline{S}}_{\bullet}^{t_{1}} \cdot {\overline{r}}_{\bullet}^{t_{1}}} \right)} \\
{= \frac{D_{\mathit{eint}, \bullet ,E} \times D_{\mathit{pstr}, \bullet ,E} \times D_{\mathit{ysec}, \bullet ,E} \times D_{\mathit{yreg}, \bullet ,E}}{D_{\mathit{pstr}, \bullet ,\mathit{GDP}} \times D_{\mathit{ysec}, \bullet ,\mathit{GDP}} \times D_{\mathit{yreg}, \bullet ,\mathit{GDP}}}} \\
{= D_{\mathit{eint}, \bullet ,E} \times \left( \frac{D_{\mathit{pstr}, \bullet ,E}}{D_{\mathit{pstr}, \bullet ,\mathit{GDP}}} \right) \times \left( \frac{D_{\mathit{ysec}, \bullet ,E}}{D_{\mathit{ysec}, \bullet ,\mathit{GDP}}} \right) \times \left( \frac{D_{\mathit{yreg}, \bullet ,E}}{D_{\mathit{yreg}, \bullet ,\mathit{GDP}}} \right)} \\
{= D_{\mathit{eint}, \bullet}\left( {t_{1},t_{2}} \right) \times D_{\mathit{pstr}, \bullet}\left( {t_{1},t_{2}} \right) \times D_{\mathit{ysec}, \bullet}\left( {t_{1},t_{2}} \right) \times D_{\mathit{yreg}, \bullet}\left( {t_{1},t_{2}} \right)} \\
\end{array}$$or$$\ln D_{\mathit{tot}, \bullet}\left( {t_{1},t_{2}} \right) = \ln D_{\mathit{eint}, \bullet}\left( {t_{1},t_{2}} \right) + \ln D_{\mathit{pstr}, \bullet}\left( {t_{1},t_{2}} \right) + \ln D_{\mathit{ysec}, \bullet}\left( {t_{1},t_{2}} \right) + \ln D_{\mathit{yreg}, \bullet}\left( {t_{1},t_{2}} \right)$$where *D* ~*eint*,•~(*t* ~1~,  *t* ~2~) is the multiplicative energy intensity effect, *D* ~*pstr*,•~(*t* ~1~,  *t* ~2~) is the multiplicative production structure effect, *D* ~*ysec*,•~(*t* ~1~,  *t* ~2~) is the multiplicative final demand (export) sectoral structure effect, and *D* ~*yreg*,\ •~(*t* ~1~,  *t* ~2~) is the multiplicative final demand (export) regional share effect in the period between *t* ~1~ and *t* ~2~ (*t* ~1~ \< *t* ~2~).

Using the LMDI-I approach ([@bb0015]; [@bb0005]; [@bb0210]), the effects in Eqs. [(15a)](#fo0075){ref-type="disp-formula"}, [(15b)](#fo0080){ref-type="disp-formula"} can be calculated as following$$D_{\mathit{eint}, \cdot}\left( {t_{1},t_{2}} \right) = \exp\left( {\sum\limits_{i,j,k}\frac{L\left( {{\widetilde{E}}_{\cdot ,\mathit{ijk}}^{t_{2}},{\widetilde{E}}_{\cdot ,\mathit{ijk}}^{t_{1}}} \right)}{L\left( {{\widetilde{E}}_{\cdot}^{t_{2}},{\widetilde{E}}_{\cdot}^{t_{1}}} \right)}\ln\left( \frac{{\overline{f}}_{v,i}^{t_{2}}}{{\overline{f}}_{v,i}^{t_{1}}} \right)} \right)$$ $$D_{\mathit{pstr}, \cdot}\left( {t_{1},t_{2}} \right) = \frac{\exp\left( {\sum\limits_{i,j,k}\frac{L\left( {{\widetilde{E}}_{\cdot ,\mathit{ijk}}^{t_{2}},{\widetilde{E}}_{\cdot ,\mathit{ijk}}^{t_{1}}} \right)}{L\left( {{\widetilde{E}}_{\cdot}^{t_{2}},{\widetilde{E}}_{\cdot}^{t_{1}}} \right)}\ln\left( \frac{{\overline{H}}_{d,\mathit{ij}}^{t_{2}}}{{\overline{H}}_{d,\mathit{ij}}^{t_{1}}} \right)} \right)}{\exp\left( {\sum\limits_{i,j,k}\frac{L\left( {{\widetilde{\mathit{GDP}}}_{\cdot ,\mathit{ijk}}^{t_{2}},{\widetilde{\mathit{GDP}}}_{\cdot ,\mathit{ijk}}^{t_{1}}} \right)}{L\left( {{\widetilde{\mathit{GDP}}}_{\cdot}^{t_{2}},{\widetilde{\mathit{GDP}}}_{\cdot}^{t_{1}}} \right)}\ln\left( \frac{{\overline{H}}_{d,\mathit{ij}}^{t_{2}}}{{\overline{H}}_{d,\mathit{ij}}^{t_{1}}} \right)} \right)}$$ $$D_{\mathit{ysec}, \cdot}\left( {t_{1},t_{2}} \right) = \frac{\exp\left( {\sum\limits_{i,j,k}\frac{L\left( {{\widetilde{E}}_{\cdot ,\mathit{ijk}}^{t_{2}},{\widetilde{E}}_{\cdot ,\mathit{ijk}}^{t_{1}}} \right)}{L\left( {{\widetilde{E}}_{\cdot}^{t_{2}},{\widetilde{E}}_{\cdot}^{t_{1}}} \right)}\ln\left( \frac{{\overline{S}}_{\bullet ,\mathit{jk}}^{t_{2}}}{{\overline{S}}_{\bullet ,\mathit{jk}}^{t_{1}}} \right)} \right)}{\exp\left( {\sum\limits_{i,j,k}\frac{L\left( {{\widetilde{\mathit{GDP}}}_{\cdot ,\mathit{ijk}}^{t_{2}},{\widetilde{\mathit{GDP}}}_{\cdot ,\mathit{ijk}}^{t_{1}}} \right)}{L\left( {{\widetilde{\mathit{GDP}}}_{\cdot}^{t_{2}},{\widetilde{\mathit{GDP}}}_{\cdot}^{t_{1}}} \right)}\ln\left( \frac{{\overline{S}}_{\bullet ,\mathit{jk}}^{t_{2}}}{{\overline{S}}_{\bullet ,\mathit{jk}}^{t_{1}}} \right)} \right)}$$ $$D_{\mathit{yreg}, \cdot}\left( {t_{1},t_{2}} \right) = \frac{\exp\left( {\sum\limits_{i,j,k}\frac{L\left( {{\widetilde{E}}_{\cdot ,\mathit{ijk}}^{t_{2}},{\widetilde{E}}_{\cdot ,\mathit{ijk}}^{t_{1}}} \right)}{L\left( {{\widetilde{E}}_{\cdot}^{t_{2}},{\widetilde{E}}_{\cdot}^{t_{1}}} \right)}\ln\left( \frac{{\overline{r}}_{\bullet ,k}^{t_{2}}}{{\overline{r}}_{\bullet ,\mathit{jk}}^{t_{1}}} \right)} \right)}{\exp\left( {\sum\limits_{i,j,k}\frac{L\left( {{\widetilde{\mathit{GDP}}}_{\cdot ,\mathit{ijk}}^{t_{2}},{\widetilde{\mathit{GDP}}}_{\cdot ,\mathit{ijk}}^{t_{1}}} \right)}{L\left( {{\widetilde{\mathit{GDP}}}_{\cdot}^{t_{2}},{\widetilde{\mathit{GDP}}}_{\cdot}^{t_{1}}} \right)}\ln\left( \frac{{\overline{r}}_{\bullet ,k}^{t_{2}}}{{\overline{r}}_{\bullet ,k}^{t_{1}}} \right)} \right)}$$

where ${\widetilde{E}}_{\cdot ,\mathit{ijk}}^{t} = {\overline{f}}_{v,i}^{t}{\overline{H}}_{d,\mathit{ij}}^{t}{\overline{S}}_{\cdot ,\mathit{jk}}^{t}{\overline{r}}_{\cdot ,k}^{t}$, ${\widetilde{E}}_{\cdot}^{t} = \sum{\widetilde{E}}_{\cdot ,\mathit{ijk}}^{t}$, ${\widetilde{\mathit{GDP}}}_{\cdot ,\mathit{ijk}}^{t} = {\overline{H}}_{d,\mathit{ij}}^{t}{\overline{S}}_{\cdot ,\mathit{jk}}^{t}{\overline{r}}_{\cdot ,k}^{t}$, and ${\widetilde{\mathit{GDP}}}_{\cdot}^{t} = \sum{\widetilde{\mathit{GDP}}}_{\cdot ,\mathit{ijk}}^{t}$. The aggregate decomposition effects at the sectoral level can be obtained through the attribution analysis of the LMDI index ([@bb9955]) or the generalized Fisher index ([@bb0225]). For example, the multiplicative energy intensity effect in Eq. [(16)](#fo0085){ref-type="disp-formula"} can be further decomposed using the attribution analysis as$$\ln D_{\mathit{eint}, \cdot}\left( {t_{1},t_{2}} \right) = \sum\limits_{i}{\overline{w}}_{i}\ln\left( \frac{{\overline{f}}_{v,i}^{t_{2}}}{{\overline{f}}_{v,i}^{t_{1}}} \right) = \sum\limits_{i}\ln\left( \frac{{\overline{f}}_{v,i}^{t_{2}}}{{\overline{f}}_{v,i}^{t_{1}}} \right)^{{\overline{w}}_{i}} = \sum\limits_{i}\ln D_{\mathit{eint}, \cdot ,i}\left( {t_{1},t_{2}} \right)$$where *D* ~*eint*,·,*i*~(*t* ~1~,  *t* ~2~) is sector *i*th energy intensity change effect, and ${\overline{w}}_{i}$ is the weighted share obtained from the attribution analysis.

3. Empirical study {#s0035}
==================

3.1. Data and assumptions {#s0040}
-------------------------

The 2018 version of the OECD Inter-Country Input-Output (ICIO) database ([@bb0170]) was used in the analysis. The OECD-ICIO database is the multi-region I-O tables, compiled based on the SNA08 statistics and using an ISIC Rev.4 industry list. It covers 65 regions and 36 sector classifications (see [Table A.1](#t0010){ref-type="table"}, [Table A.2](#t0015){ref-type="table"} in Appendix A) for period 2005--2015.[4](#fn0020){ref-type="fn"} China's activities are divided into activities associated with the processing exports and those excluding the processing exports. Thus, China's exports (both normal and processing exports) can be further disaggregated into bilateral trades with 64 trading partners. China's extended I-O table compilations used the data from customs statistics ([@bb0055]) and other statistical yearbooks ([@bb0150], [@bb0155], [@bb0160]). All the values were deflated to the constant 2010 price using the price index given in the China Price Statistical Yearbooks ([@bb0165]).

China's sectoral energy consumption data were obtained from China's Energy Statistical Yearbooks ([@bb0145]). There are 20 energy types in the energy database, including raw coal, cleaned coal, washed coal, briquettes, coke, coke oven gas, other gas, coking products, crude oil, gasoline, kerosene, diesel oil, fuel oil, liquefied petroleum gas, refinery gas, other petroleum products, natural gas, heat, electricity and other energy. Different energy types were converted into the tonnes of standard coal equivalent (tce) based on the conversion factors provided in [@bb0145]. The "data treatment scheme 2" proposed in [@bb0260] was used to match the sectoral energy data with the I-O classification to ensure comparability. Following the data treatments in [@bb0265] and [@bb0255], the energy intensities for processing exports were assumed to be the same as the representative processing trade regions (such as Guangdong, Fujian and Jiangsu provinces) in China. The detailed steps for estimating the sectoral energy consumption at China's regional level are given in the Appendix A in [@bb0200]. The final extended I-O tables for China have 72 sectors for period 2005--2015.

3.2. China's energy embodied in trade, 2005--2015 {#s0045}
-------------------------------------------------

The time-series extended I-O tables enables the embodied energy in normal and processing exports for the 2005-2015 period to be obtained using Eq. [(3)](#fo0015){ref-type="disp-formula"}. The embodiment results for normal and processing exports, as well as the percentage of embodied energy in total exports against China's total energy consumption, are given in [Fig. 2](#f0010){ref-type="fig"} . Embodied energy in normal/processing exports by sector and by trading partner are given in [Figs. 3](#f0015){ref-type="fig"} and [4](#f0020){ref-type="fig"} , respectively (detailed sectoral and regional names are given in Tables A.1 and A.2 in Appendix A). For ease of illustration, the sectoral results in [Fig. 3](#f0015){ref-type="fig"} are aggregated into 20 sectors, and the bilateral regional results in [Fig. 4](#f0020){ref-type="fig"} are also aggregated into 20 regions [5](#fn0025){ref-type="fn"} .Fig. 2China's energy embodied in exports and their contributions to national total energy consumption, 2005--2015.Fig. 2Fig. 3Share of China's embodied energy in exports by sector, 2005--2015. (Note: The detailed sector names are given in [Table A.1](#t0010){ref-type="table"} in Appendix A, and the detailed results of the plots can be found in the supplemental data file).Fig. 3Fig. 4Share of China's embodied energy in exports with trading partners, 2005--2015. (Note: The detailed region names are given in [Table A.2](#t0015){ref-type="table"} in Appendix A, and the detailed results of the plots can be found in the supplemental data file).Fig. 4

The overall trend in [Fig. 3](#f0015){ref-type="fig"} shows that the embodied energy in both normal and processing exports increased until the global financial crisis in 2007--2008. Processing exports was more sensitive to the crisis, and responded with a decrease immediately in 2008. Normal exports continued to increase in 2008 with inertia, but dramatically dropped in 2009. The embodiments in both types of exports rose again after 2009, remained relatively stable during 2011--2013, and finally dropped at the end of China's 12^th^ FYP in 2014--2015. The energy embodied in normal exports were around 300-500 million tonnes of standard coal equivalent (Mtce), and those embodied in process exports were around 190--240 Mtce. In comparison, the percentage of energy embodied in total exports against national total energy consumption was quite stable before and after the global financial crisis, respectively. It was around 29% for period 2006--2008, and some 23% for the 2010--2014 period.

Some interesting patterns are observed from the results at the sectoral level. For normal exports as shown in the [Fig. 3](#f0015){ref-type="fig"}(a), the major shares of embodied energy came from sectors "S13-Basic metals" (16%--26%), "S06-Textiles, wearing apparel, leather and related products" (12%--14%), "S10-Chemicals and pharmaceutical products" (10%--11%), and "S17-Machinery and equipment" (8%--11%). The share of sector "S13-Basic metals" dropped significantly around the global financial crisis, from 26.5% in 2008 to only 13.9% in 2009; in contrast, the share of sector "S06-Textiles, wearing apparel, leather and related products" and sector "S17-Machinery and equipment" relatively increased.

For processing exports as shown in [Fig. 3](#f0015){ref-type="fig"}(b), the embodied energy was mainly from sectors "S15-Computer, electronic and optical products" (34%--40%), "S16-Electrical equipment" (14%--19%), and "S06-Textiles, wearing apparel, leather and related products" (6%--12%). Different from the processing exports, the share of embodied energy in these major sectors did not change that much during the global financial crisis. Overall speaking, there was a shift from light manufacturing to equipment manufacturing, especially for "S16-Electrical equipment" and "S17-Machinery and equipment".

It is also interesting to find some trends in China's embodied energy in bilateral trade. For normal exports as shown in the [Fig. 4](#f0020){ref-type="fig"}(a), the major shares of embodied energy were with the United States (17%--25%), Japan (7%--12%) and Korea (6%--9%). Most of the regional share decreased in 2009 with a time lag, but the share of the United States where the global financial crisis originated dropped earlier from 2007. For processing exports as shown in the [Fig. 4](#f0020){ref-type="fig"}(b), the major shares of embodied energy were with the United States (19%--30%), Japan (7%--12%), Korea (5%--6%) and Germany (3%--6%). Overall speaking, there were significant shifts from the United States, Japan and Korea to the other economies in the rest of the world.

3.3. Additive SDA of embodied energy changes, 2005--2015 {#s0050}
--------------------------------------------------------

The changes in embodied energy as discussed in Section [3.2](#s0045){ref-type="sec"} were driven by many factors, such as the energy efficiency improvement/deterioration and export demand increase/decrease. To better understand the driving forces behind the changes in embodied energy, additive SDA was applied using Eqs. (6-10). The chaining approach was adopted to minimize the temporal aggregate effect in the SDA results ([@bb0215]). The additive decomposition results for normal exports and processing exports are shown in [Fig. 5](#f0025){ref-type="fig"}(a) and [5](#f0025){ref-type="fig"}(b), respectively.Fig. 5Results of the additive SDA of China's embodied energy changes, 2005--2015.Fig. 5

The overall patterns of the driving forces throughout the period are very similar for normal exports and processing exports. Among the five driving factors discussed in Eqs. (6-10), energy efficiency improvement played the key role in reducing the embodied energy in trade, while final demand total effects contributed the most to the increase of embodied energy. In comparison, the other three effects are relatively small in magnitude and have much less influence on the embodied energy. It is also noted that the total processing exports declined earlier in 2008, but total normal exports declined later in 2009. For normal exports, the final demand total effect generally outperformed the energy intensity effect, so that the embodied energy displays upward trends in the prior- and post-crisis sub-periods and a plunge in 2009. Interestingly, the plunge was not only due to the final demand total effect but also the energy intensity effect. For processing exports, the two effects almost offset each other, which makes the embodied energy in processing exports stable.

From Eq. [(3)](#fo0015){ref-type="disp-formula"}, the energy intensity effect for embodied energy changes in normal exports was determined by the energy intensity improvement (*f* ~*v*,*d*~) in the domestic use/normal exports only. However, the energy intensity effect for embodied energy changes in processing exports came from both the energy intensity improvements in the domestic use/normal exports (*f* ~*v*,*d*~) and in the processing exports production (*f* ~*v*,*p*~). It was found that more than 75% of the total energy intensity effects for processing exports came from energy efficiency improvements in *f* ~*v*,*d*~.

Among the 36 sector classifications, the largest contributing sectors for energy efficiency improvement were sector "S13-Basic metals", sector "S10-Chemicals and pharmaceutical products", sector "S21-Electricity, gas, water supply" and sector "S24-Transportation and storage". Their energy efficiency improvements accounted for more than 70% of the total energy efficiency improvements during the 2005--2015 period. Particularly, sector "S13-Basic metals" alone contributed to around 38% of the total energy efficiency improvement. However, these major contributing sectors also experienced some occasional increases in energy intensity, such as the sector "S13-Basic metals" in 2007--2008 and 2012--2013, "S21-Electricity, gas, water supply" in 2007--2008.

3.4. China's aggregate embodied energy intensity in Trade, 2005--2015 {#s0055}
---------------------------------------------------------------------

The embodied value added in normal and processing exports for the 2005--2015 period can be obtained using the Eq. [(11)](#fo0055){ref-type="disp-formula"}. The aggregate embodied intensity (AEI) defined in [Section 2](#s0010){ref-type="sec"} to evaluate the contribution of exports to embodied energy relative to their contributions to value added (or GDP) can be calculated using the Eq. [(14)](#fo0070){ref-type="disp-formula"}. The AEI values for normal and processing exports and their contributions to national aggregate intensity (AI) in China are given in [Fig. 6](#f0030){ref-type="fig"} . The share of embodied value added in exports by major sectors and major trading partners are given in [Figs. 7](#f0035){ref-type="fig"} and [8](#f0040){ref-type="fig"} respectively (detailed sectoral and regional names are given in Tables A1 and A2 in Appendix A). Similar to [Fig. 3](#f0015){ref-type="fig"}, [Fig. 4](#f0020){ref-type="fig"}, the sectoral and regional classifications were grouped into 20 sectors/regions for ease of illustration.Fig. 6China's aggregate embodied energy intensity in exports and their contributions to national aggregate energy intensity, 2005--2015.Fig. 6Fig. 7Share of China's embodied value added in exports by major sectors, 2005--2015. (Note: The detailed sector names are given in [Table A.1](#t0010){ref-type="table"} in Appendix A, and the detailed results of the plots can be found in the supplemental data file).Fig. 7Fig. 8Share of China's embodied value added in exports with its major trading partners, 2005--2015 (Note: The detailed region names are given in [Table A.2](#t0015){ref-type="table"} in Appendix A, and the detailed results of the plots can be found in the supplemental data file).Fig. 8

From [Fig. 6](#f0030){ref-type="fig"}, the over trend shows that the AEI in normal exports and processing exports persistently decreased over the entire period of study. For example, the AEI in normal exports declined by 38% (from 0.1213 tce/1000 RMB to 0.0756 tce/1000 RMB), while the AEI in processing exports decreased by 45% (from 0.1084 tce/1000 RMB to 0.0593 tce/1000 RMB) during period 2005--2015. Particularly, the AEI in normal exports experienced a huge decline around the global financial crisis, from 0.1167 tce/1000 RMB in 2008 to 0.1015 tce/1000 RMB in 2009. From their contributions to national aggregate intensity, the contribution of normal exports firstly increased from 2005 to 2008, dropped in 2009, and then became quite stable after 2010. In contrast, the contribution of processing exports increased consistently during the 2005--2015 period.

As explained in [@bb0245], the AEI in exports can be represented as the weighted sum of the sectoral AEI, where the weights are the share of sectoral embodied value added. From normal exports as shown in [Fig. 7](#f0035){ref-type="fig"}(a), the value added or GDP was mainly generated from the demands in sectors "S06-Textiles, wearing apparel, leather and related products" (17%--20%), "S17-Machinery and equipment" (8%--11%), "S13-Basic metals" (6%--12%), and "S10-Chemicals and pharmaceutical products" (6%--8%). The global financial crisis decreased the share in sector "S13-Basic metals" significantly from 11.9% in 2008 to 6.0% in 2009, leaving the share in sector "S06-Textiles, wearing apparel, leather and related products" and "S20-Other manufacturing" relatively increased.

For processing exports as shown in [Fig. 7](#f0035){ref-type="fig"}(b), the value added or GDP was mainly generated from the demands in sectors "S15-Computer, electronic and optical products" (41%--49%), "S06-Textiles, wearing apparel, leather and related products" (7%--15%), and "S16-Electrical equipment" (11%--15%). Among these major sectors, there was a shift from "S06-Textiles, wearing apparel, leather and related products" to sectors "S15-Computer, electronic and optical products" and "S16-Electrical equipment".

From Eqs. [(12)](#fo0060){ref-type="disp-formula"}, [(13)](#fo0065){ref-type="disp-formula"}, the AEI in exports can also be represented as the weighted sum of the AEI in bilateral trade with the trading partners, where the weights are the share of regional embodied value added. As shown in [Fig. 8](#f0040){ref-type="fig"}(a), the major contributors to value added or GDP embodied in normal exports were from bilateral trade with the United States (19%--27%), Japan (8%--14%) and Korea (5%--7%). Most of the regional share decreased after the global financial crisis, but the share of the United States dropped earlier from 24.0% in 2007 to 21.7% in 2008. [Fig. 8](#f0040){ref-type="fig"}(b) shows that the major contributors to value added or GDP embodied in processing exports were from bilateral trade with the United States (20%--31%), Japan (7%--12%), Korea (5%--6%) and Germany (3%--6%). Similar as the embodied energy, there was significant shifts from the United States and Japan to other economies in the rest of the world.

3.5. Multiplicative SDA of aggregate embodied energy intensity changes, 2005--2015 {#s0060}
----------------------------------------------------------------------------------

The AEI changes discussed in Section [3.4](#s0055){ref-type="sec"} were the net impact of many driving factors, although the energy efficiency improvement is supposed to be the key factor. To isolate the impacts of individual driving forces, multiplicative SDA was applied using Eqs. (16--19). The chaining approach was adopted to minimize the temporal aggregate effect in the SDA results ([@bb0215]). For ease of illustration in the figures, the logarithm of the multiplicative decomposition results for normal and processing exports are shown in [Fig. 9](#f0045){ref-type="fig"}(a) and [9](#f0045){ref-type="fig"}(b), respectively.Fig. 9Results of the multiplicative SDA of China's AEI in exports changes, 2005--2015Fig. 9

The overall patterns behind the driving forces to AEI changes were quite similar for normal and processing exports throughout the studying period. Among the four driving factors discussed in Eqs. (16--19), the largest contributor was the energy efficiency improvement, followed by the production structure optimization. The AEI of normal exports declined substantially in 2009 mainly due to the combined energy intensity effect and final demand sectoral effect, whereas the AEI of processing exports declined smoothly over time as the production structure effect largely offset the energy intensity effect in 2009.

Energy efficiency improvements among 36 sectors were found to be similar to the results of the additive SDA in Section [3.3](#s0030){ref-type="sec"}. The largest four contributing sectors were "S13-Basic metals", "S10-Chemicals and pharmaceutical products", "S21-Electricity, gas, water supply" and "S24-Transportation and storage". Their energy efficiency improvements helped to reduce around 30% of the AEI of normal exports and processing exports during the 2005--2015 period. Particularly, sector "S13-Basic metals" alone contributed to around 16% of AEI reduction. The largest energy efficiency improvements by sector "S13-Basic metals" happened in periods 2008--2009, 2011--2012 and 2014--2015.

3.6. Comparisons with previous studies {#s0065}
--------------------------------------

This paper is an extension of the time-series study on embodied emissions in process trade in [@bb0255] and the national AEI framework proposed in [@bb0245]. [@bb0255] is the first study to provide the time-series estimates of embodied emissions only in China's normal/processing exports for 2006--2012. In contrast, this paper analyzes not only embodied energy but also embodied energy intensity in normal/processing exports for 2005--2015. The embodied energy and embodied emissions analyzed in these two studies are not the same. Their differences mainly come from the fuel mix in final energy consumption by sector ([@bb0270]) and emission intensity in power generation due to generation efficiency and generation mix ([@bb0010]).

In the literature, some studies have calculated the AEI of energy/emissions in normal/process exports for selected years, such as [@bb0050] and [@bb0130] on AEI of emissions in exports for 2002 and 2007, and [@bb0085] on AEI of energy in exports for 2007. There is no relationship between the AEI in exports and national AEI or sectoral AEI reported in previous studies, until the national AEI framework developed in [@bb0245]. This study (Section [2.3](#s0025){ref-type="sec"}) is the extension of national AEI framework from traditional I-O model to extended I-O model with processing trade. The multiplicative SDA analysis is further combined with the AEI indicators using extended I-O model to investigate the driving forces to their changes over time.

In previous energy/emission studies using extended I-O model with processing trade, very few study decompose the normal/processing exports into their bilateral trade with China's major trading partners due to the complexity in data processing. With the OECD-ICIO database, this study analyzes the embodied energy and intensity flows in China's bilateral trade in both normal and processing exports by sector and major trading partners. More detailed results on embodied energy and intensity flows and their driving forces have been discussed in previous subsections in Section [3](#s0035){ref-type="sec"}.

4. Discussion and conclusions {#s0070}
=============================

This paper is an extension of the studies by [@bb0255] and [@bb0245]. It analyzed China's embodied energy and intensity in both normal and processing exports during the 2005--2015 period, and applied SDA techniques to delineate the driving forces behind the changing embodiments over the study period. The empirical study highlights the importance to use the extended I-O model to analyze embodied energy and intensity in trade, especially when processing exports account for around half of China's total exports. The study period covers the 11^th^ Five Year Plan (2006--2010) period, the global financial crisis (2007--2008) and the recovering period after 2010, and the 12^th^ Five Year Plan (2011--2015) period. Overall speaking, the energy efficiency improvements played the most important role in reducing China's embodied energy in trade, greatly offsetting the increasing demands for China's goods and services from other countries, and improving China's aggregate embodied energy intensity in trade. The findings are useful for the Chinese government to evaluate the energy targets settings for the coming 14^th^ Five Year Plan (2021--2015) and medium-term energy planning to achieve its emission target and sustainable development by 2030.

Prosperous international trade has brought countries closer than before, enhancing different countries' specialization areas in the regional and global supply chains, and also contributed to reducing unbalanced resource distributions among world countries. At the same time, the "leakage" phenomenon through embodied energy in trade will continue, and most likely will increase. With a global thirst for energy, it is of key importance to evaluate the costs and benefits of such leakages, especially when designing national energy saving policies and studying the energy security issues for a country, especially during the US-China trade war and COVID-19 periods. One of the key findings from this paper is that China contributed around 500--800 Mtce of energy each year during the period 2005--2015 through its exports (especially the normal exports) to other countries. As developed countries are the major end uses of embodied energy from developing countries, it is essential for developed countries to help energy conservation in the developing countries through technology transfer and investment in energy efficiency technologies. Ultimately, this will also help reducing the global carbon emissions, and combating the climate change issues.

International trade not only drives the energy use in the production, but also help creates the value added (or GDP) to the county. From demand side, the aggregate embodied intensity (AEI) of energy in trade can be used to evaluate the relative effectiveness of energy consumption and value added (or GDP) generation. The empirical results of this paper show that the AEI in normal exports and processing exports together contributed to around 22% of national aggregate energy intensity after global financial crisis. As the AEI in trade is the weighted sum of the sectoral AEI, the largest three sectors, i.e. sector "S06-Textiles, wearing apparel, leather and related products", "S13-Basic metals" and "S17-Machinery and equipment", accounted for around 40% of the AEI in normal exports; in contrast, the largest three sectors, i.e. "S06-Textiles, wearing apparel, leather and related products", "S15-Computer, electronic and optical products" and "S16-Electrical equipment", contributed to more than 60% of the AEI in processing exports. To further reduce the AEI in trade, Chinese government can focus on these essential sectors through improving the energy efficiency and/or enhancing the value chain in the upstream industries ([@bb0275]). This will become increasingly important when designing China's international trade policy with world countries, especially during the post COVID-19 period.

China's exports are mainly driven by the demands from the United States, Japan and Korea. With China's trade diversification after global financial crisis, their total share of embodied energy in bilateral trade had dropped from 46%--47% in 2005 to 33%--34% in 2015. At the same time, their total contributions to China's AEI in trade also declined from around 48% in 2005 to around 35% in 2015. From embodied energy and intensity perspective, there was a shift of embodiments in bilateral trade from the developed countries to the developing counties (such as Brazil, Mexico, India, and ASEAN region). With the launch of the Belt and Road Initiative (BRI) by Chinese government in 2013, the trade diversification will continue as the increase of future demands will mainly come from the developing countries. To achieve sustainable development, it is a good opportunity for the enterprises in China to improve their productivities, optimize their business structures, and upgrade their positions along the regional and global value chain.

Due to data limitations, there are very few studies focusing on embodied energy flows and SDA studies using the time-series data differentiating normal and processing exports. This paper used the time-series (2005--2015) extended I-O tables compiled in the OECD-ICIO database to investigate China's embodied energy flows in its normal and processing exports. [@bb0255] compiled its own time-series (2006--2012) extended I-O tables for China and analysed its embodied emissions in normal and processing trade. Both this study and [@bb0255] adopted the SDA technique to understand the driving forces behind the embodiment changes happened. This is an area deserving of further investigation as some forms of processing trade can be found in many countries/regions. Taking China for example, processing exports mainly happen in some eastern regions, like Guangdong, Fujian and Jiangsu provinces. To better support the regional development and policy making, it is valuable to use the extended I-O framework with processing trade in the empirical analysis. Some possible future research includes (a) applying the similar analysis framework to other indicators, such as GHG emissions, water and air pollutant; (b) disaggregating China as a whole into different regions to capture the regional supply chain and feedback effects ([@bb0205], [@bb0230]) and/or including China into the global supply chain ([@bb0200]; [@bb0300]; [@bb0365]); and (c) investigating different embodiment performances of normal and processing exports in different regions or countries using the spatial decomposition techniques[6](#fn0030){ref-type="fn"} ([@bb0240]; [@bb0355]).

Appendix A. Sectoral and regional classifications {#s0080}
=================================================

Table A.1Sectoral classification in the OECD-ICIO database.Table A.1Sector IDSector nameS01Agriculture, forestry and fishingS02Mining and extraction of energy producing productsS03Mining and quarrying of non-energy producing productsS04Mining support service activitiesS05Food products, beverages and tobaccoS06Textiles, wearing apparel, leather and related productsS07Wood and products of wood and corkS08Paper products and printingS09Coke and refined petroleum productsS10Chemicals and pharmaceutical productsS11Rubber and plastic productsS12Other non-metallic mineral productsS13Basic metalsS14Fabricated metal productsS15Computer, electronic and optical productsS16Electrical equipmentS17Machinery and equipmentS18Motor vehicles, trailers and semi-trailersS19Other transport equipmentS20Other manufacturing; repair and installation of machinery and equipmentS21Electricity, gas, water supply, sewerage, waste and remediation servicesS22ConstructionS23Wholesale and retail trade; repair of motor vehiclesS24Transportation and storageS25Accommodation and food servicesS26Publishing, audiovisual and broadcasting activitiesS27TelecommunicationsS28IT and other information servicesS29Financial and insurance activitiesS30Real estate activitiesS31Other business sector servicesS32Public admin. and defence; compulsory social securityS33EducationS34Human health and social workS35Arts, entertainment, recreation and other service activitiesS36Private households with employed persons Table A.2Regional classification in the OECD-ICIO database.Table A.2Regional IDAbbr.Region nameRegional IDAbbr.Region nameR01AUSAustraliaR34TURTurkeyR02AUTAustriaR35GBRUnited KingdomR03BELBelgiumR36USAUnited StatesR04CANCanadaR37ARGArgentinaR05CHLChileR38BRABrazilR06CZECzech RepublicR39BRNBrunei DarussalamR07DNKDenmarkR40BGRBulgariaR08ESTEstoniaR41KHMCambodiaR09FINFinlandR42CHNChinaR10FRAFranceR43COLColombiaR11DEUGermanyR44CRICosta RicaR12GRCGreeceR45HRVCroatiaR13HUNHungaryR46CYPCyprus 2R14ISLIcelandR47INDIndiaR15IRLIrelandR48IDNIndonesiaR16ISRIsraelR49HKGHong Kong, ChinaR17ITAItalyR50KAZKazakhstanR18JPNJapanR51MYSMalaysiaR19KORKoreaR52MLTMaltaR20LVALatviaR53MARMoroccoR21LTULithuaniaR54PERPeruR22LUXLuxembourgR55PHLPhilippinesR23MEXMexicoR56ROURomaniaR24NLDNetherlandsR57RUSRussian FederationR25NZLNew ZealandR58SAUSaudi ArabiaR26NORNorwayR59SGPSingaporeR27POLPolandR60ZAFSouth AfricaR28PRTPortugalR61TWNChinese TaipeiR29SVKSlovak RepublicR62THAThailandR30SVNSloveniaR63TUNTunisiaR31ESPSpainR64VNMViet NamR32SWESwedenR65ROWRest of the WorldR33CHESwitzerland

Appendix B. Supplementary data {#s0085}
==============================
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Our heartfelt thanks should be given to the 10.13039/501100001809National Natural Science Foundation of China (71771105, 71974077, and 71834003), National Philosophy and Social Science Foundation of China (16ZZD049), Guangdong Young Zhujiang Scholar (Yue Jiaoshi \[2016\]95), Guangdong Key Base of Humanities and Social Science---Enterprise Development Research, and Guangzhou key Base of Humanities and Social Science---Centre for Low Carbon Economic Research for funding supports.

See [@bb0210] and [@bb0295] for reviews of SDA studies applied to energy and emissions. Recent developments in SDA methodology include temporal aggregation ([@bb0215]), attribution analysis ([@bb0225]), different I-O forms of intensity indicator ([@bb0235]), spatial-SDA ([@bb0240]), processing trade ([@bb0265]; [@bb0255]), and aggregate embodied intensity ([@bb0245]; [@bb0275]).

For example, the AEI of emissions in exports are found to be higher than the national AI of emissions in China ([@bb0245]), India ([@bb0400]) and Singapore ([@bb0250]). Recently, the national AEI framework has been further extended to the multi-region AEI framework within a country ([@bb0305]; [@bb0395]).

According to United Nations (1993), there are three approaches to calculate the GDP value, i.e. production, income and expenditure approaches. Both the production and expenditure approaches are commonly used in the I-O analysis, see Su and [@bb0020] for example.

For the embodied energy/emission flows, two commonly used approaches are EEBT and MRIO approaches ([@bb0180]; [@bb0205]). However, the EEBT approach is more convenient for trade policy analysis, while the MRIO approach can capture the feedback effects but is much more complicated and includes more uncertainties in constructing the global MRIO tables. This paper uses the EEBT approach when measuring the embodied energy in China's processing and normal exports to world countries.

For regional results in [Figure 4](#f0020){ref-type="fig"}, only China's largest 19 bilateral trading partners are included, while the rest are grouped into the rest of the world (or ROW)

Traditional decomposition is conducted over time, i.e. temporal decomposition analysis. The analysis can also be conducted to study the variations of an aggregate indicator between region/countries at a certain time point, i.e. spatial decomposition analysis. Spatial IDA framework can be found in [@bb0020], [@bb0025], while spatial SDA framework is given in Su and [@bb0025].

Supplementary data to this article can be found online at <https://doi.org/10.1016/j.eneco.2020.104911>.
